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ABSTRACT Precise nanopatterning of thin films is an important task in production of modern optoelectronics
and photonics elements. Direct recording of laser-induced periodic surface structures (LIPSS) is a promis-
ing tool for direct subwavelength nanopatterning. Recent studies show that the dynamics of LIPSS formation
changes significantly if the film is relatively thin. Here we present a comprehensive analytical model aiming to
bridge the gap between the expected dynamics of electromagnetic fields during LIPSS formation and exper-
imentally obtainable nanopatterning results. The phenomenological model of surface electromagnetic wave
(SEW) propagation at the film–substrate interface illustrates the mechanism of LIPSS formation using a peri-
odic distribution of SEW energy concentration. SEW features are calculated depending on metal film thickness,
and positive feedback between the local thickness of the growing oxide layer and the SEW energy concentra-
tion is unveiled. Changes in LIPPS formation mechanisms are confirmed experimentally on titanium films with
different thickness. These findings shed light on the intrinsic physical mechanisms of LIPSS formation on thin
metal films and ease the possibilities for LIPPS applications for nanopatterning.
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1. Introduction

Nanopatterning of thin films is an important task in production of modern optoelectronics and photonics elements [1].
Thin transparent coatings textured to get the regular nanogrid or mesh are used to enhance substrate optical properties [2],
regulate radiative cooling [3], or help with introducing the light into waveguide [4].

Controlled formation of laser-induced periodic surface structures (LIPSS) is a promising tool for direct subwavelength
nanopatterning, with numerous applications in sensing [5, 6], tribology [7], cell growth management [8], and protective
marking [9, 10]. LIPSS appear spontaneously on a wide range of the materials under a focused laser light as periodic
reliefs much narrower than the beam width, with periods Λ of about laser wavelength λ or less. LIPSS appearance is
usually linked with the emergence of surface electromagnetic wave (SEW) scattering alongside the air-material interface
(which, as we will see later, is debatable in the case of LIPSS formation on thin films) [11]. SEW interference with initial
laser light modulates the temperature field that gets imprinted into the material as an ablative or oxidative pattern [12].
Concise classification of LIPSS distincts high-spatial frequency LIPSS (with periods Λ of λ/2 and less) from low-spatial
frequency LIPSS (LSFL, λ/2 < Λ < λ), with latter divided into LSFL-I (with grating vector k⃗ collinear with the
orientation of linear polarization plane E⃗, typical for metal targets) and LSFL-II types (⃗k oriented in perpendicular to the
polarization, usual for the glasses and other non-metal substrates).

To the contrary of the expectations of LSFL-I formation on metal targets, some recent experimental studies [10,13–19]
show that dynamics of LIPSS formation changes significantly when the film is relatively thin and its thickness reaches the
value of 100 nm or less. Dostovalov et al. have shown in series of works [14, 17] the LIPSS formation with Λ = 677 –
700 nm both on 28 – 42 nm Cr and on 10 nm Hf films on BK7 glass substrates under the λ = 1026 nm laser light.
Yang et al. [15] reported the LIPSS with Λ = 320 nm appearing on 20 nm Au films on ITO/glass substrates under
the 532 nm laser irradiation. In [10], the usage of 1064 nm Yb-fiber laser source for producing the 1D and 2D LIPSS
with Λ = 720 nm on 30 nm Ti films on quartz substrates was described in detail. Evidently, LIPSS period for thin
films is dependent on the substrate refractive index, which indicates that when film is thin enough, the substrate plays
a substantial role in distribution of the electromagnetic fields leading to LIPSS formation. There are few studies where
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experimental observations lead to the conclusions of the substrate influence [17, 20], and even less studies explaining this
discrepancy [16, 21]. Here we present a comprehensive analytical model aiming to bridge the gap between the expected
dynamics of electromagnetic fields during LIPSS formation and experimentally obtainable nanopatterning results.

2. Experimental results

2.1. Materials and methods

Samples of thin Ti films of different thicknesses on 1 mm thick quartz glass substrate were used for studying the
critical film thickness for SEW formation on the film-substrate interface. Titanium films of 30, 60 and 80 nm thickness
were produced by thermal sputtering in vacuum. An Yb-fiber laser with a central wavelength λ = 1064 nm, a pulse
duration from 4 ns to 200 ns and a maximum output power 20 W was used to create LIPSS (MiniMarker-2 setup, Laser
Center Ltd., St. Petersburg, Russia). A polarization control system was added to the optical path of the laser source: a
Glan-Taylor prism isolated the linear component of polarization, and a half-wave plate was used to control the rotation of
polarization. The laser spot size in the processing plane was d = 55 µm. An optical microscope Carl Zeiss Axio Imager
A1.m (Carl Zeiss Microscopy GmbH, Munich, Germany) was used to visualize and assess LIPSS appearance. Period
Λexp and regularity ∆Λexp were estimated by the two-dimensional fast Fourier transform method (2D-FFT) in the open
source Gwyddion software. The modeling of SEW dynamics was performed using Wolfram Mathematica software.

2.2. Patterning results

Based on the results of the experiments, we have found that the LIPSS type changed from LSFL-II to LSFL-I for
films thicker than 50 nm. As shown in Fig. 1(a), LIPSS on 30 nm film are formed in parallel to the polarization vector with
a period of 720 ± 20 nm, closely corresponding to ratio of laser wavelength over the substrate’s refractive index λ/nsub,
and can be classified as LSFL-II. Fig. 1 (b, c) shows the results of LIPSS formation on titanium films of 60 and 80 nm in
thickness as a reference. As seen, in the center of the processed area, where the energy density is maximal, the disordered
structures roughly with a period of 980 ± 150 nm (∼ λ) are formed, mostly in perpendicular to the polarization vector.
At the same time, LIPSS of the LSFL-II type exist at the periphery of the scanning track, similar to the structures seen in
Fig. 1(a). Processing regimes are as follows: the fluence is about 90 – 95 mJ/cm2 for Fig. 1(a) and 360 – 450 mJ/cm2 for
Fig. 1(b–c), pulse repetition rates is 35 kHz for Fig. 1(a) and 70 kHz for Fig. 1(b–c). The discrepancy in the processing
regimes is likely to be connected to the thermal stability of the films of different thicknesses, as the processing of 30 nm
films with higher fluences have led to the ablation and peeling of the film. From these results, we can conclude that the
thickness of 50 nm is not necessarily a threshold value, but rather the value for the detectable changes in the mechanisms
of LIPSS formation, as the substrate’s optical properties start to influence the process.

FIG. 1. Optical micrographs of LIPSS on Ti films with thicknesses of a) 30 nm, b) 60 nm, c) 80 nm.
Regions with LSFL-II are highlighted by a dashed line, with LSFL-I by a dash-dot line. The central axis
of the laser track coincides with the upper border of each image, scanning direction from left to right,
polarization plane is oriented vertically. The scale bar is the same for all the images. Corresponding 2D-
FFT spectra images are shown in the insets, borders of the spectra correspond to the spatial frequency
of ±0.5 µm−1.
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3. Discussion

3.1. Expected period estimations

The classical dispersion relation for an interface between two media gives the following condition for surface elec-
tromagnetic waves (SEWs) excitation at the air-film interface [22]:

ε′2
ε′1

< −1,
ε′′2
ε′2

≪ 1, (1)

where ε′i is the real part and ε′′i is the imaginary part of the dielectric permittivities (i = 1, 2). Index 1 corresponds to the
air medium (ε1 = 1) while index 2 refers to the metal film. For the titanium film ε2 = −4.0589 + 27.782i [23], so the
condition (1) for the SEW formation is met. Therefore, we can calculate a SEW period Λ at the air-film interface by the
following formula [22]:

β =
ωL

c

√
F1 + F2

2
, Λ =

2π

β
, (2)

where β is the SEW wavenumber, ωL is the incident light angular frequency, c is the speed of light in vacuum, and F1

and F2 are the coefficients depending on ε′i and ε′′i that can be found by simple equations given in [22]. The dielectric
permittivity ε2 is taken constant since we consider the case of nanosecond laser irradiation with moderate intensities.

For laser wavelength λ = 1064 nm the classical model predicts LIPSS period to be 1062 nm. Thus, LIPSS formed as
a result of laser radiation interference with SEWs at the air-film interface should have a period of about 0.998λ, which is
common for bulk titanium. However, as shown in the Experimental section, the LIPSS period on optically thin titanium
films was proven to be significantly lower and cannot be explained by SEWs generation at the air-film interface. Moreover,
since the classical model regards SEW as a TM wave, it can only predict periods for LIPSS oriented perpendicular to the
laser light polarization. Hence, it is reasonable to assume that LIPSS are formed as a result of SEWs generated at the
film-substrate interface. Under this assumption we hereby present the model of LIPSS formation which explains the
experimental results obtained on thin films.

3.2. Phenomenological model description

In the multi-pulse mode, at the first stage of exposure (at the first hundreds or thousands of pulses), there is presumably
a rather large variety of SEWs formed on various inhomogeneities of the film surface and the film-substrate interface.
Afterwards due to the competition of SEWs (positive feedback between the amplitude and period of the wave and local
heating and oxidation of the film), a package of SEWs with similar characteristics is formed. As shown in experiments,
LIPSS on optically thin metal films are formed with a period of Λ = λ/nsub, which indicates that the structures are formed
under the influence of SEWs generated on the surface of the substrate. This is the basis of our phenomenological model.

Each of the SEW packet waves can be represented as a surface wave formed when radiation acts at each point of the
film surface, where the local thickness of the film and the local thickness of the oxide layer determine the local value of the
intensity of radiation that has passed into the substrate. The main cause of the formation of LIPSS during thermochemical
action on optically thin metal films is the unevenness of the absorption and transmission of the film due to a significant
difference in the optical properties of the original metal film and the developing oxide, distributed in the film according to
the period of the formed structures.

It is known that during the formation of SEW at the film-substrate interface under homogeneous conditions (in the
absence of gradients of various parameters of the film and the substrate), the SEW is not absorbed in the film, but is
distributed in the substrate as in a waveguide evenly across its thickness [24]. However, in our case of multi-pulse action
at the stage of LIPSS formation, there is a dependence of the film transmittance along the coordinate, and the conditions
for SEW formation become heterogeneous. This leads to a LIPSS formation with a period of Λ = λ/nsub in a thin metal
film as a process based on a positive feedback between oxide thickness and SEW formation.

As film transmittance in the oxidized regions is higher than that in the non-oxidized regions, the amplitude of radiation
penetrating into the substrate depends on the thickness of the oxide layer formed during the previous laser pulses (Fig. 2).
We approximate the amplitude of the electric field vector that has passed into the substrate as follows:

Et = Et0(1 +B cos(ksx)), (3)
where Et0 is its value at medium intensity (for simplicity, the intensity distribution in the laser spot is taken as constant),
ks is the wave vector of the SEW, the x-axis is directed along the film-substrate interface, B is the SEW modulation
coefficient which depends on the ratio of the maximum and minimum laser intensities penetrating into the substrate (in
the areas of the LIPSS, where the thickness of the oxide layer reaches the maximum and minimum values, respectively).

Thus, a TE-type SEW packet is generated at the film-substrate interface. The amplitude of each wave is proportional
to the amplitude of the penetrating electromagnetic wave:

E⃗s = E⃗s0(1 +B cos(ksx)) exp(i(ksx− ωt)− χz), (4)
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FIG. 2. Modulation of SEW by laser oxidation of the thin metal film

where E⃗s0 is the vector of the amplitude of the SEW in the substrate at the average value of the transmitted wave intensity,
the z-axis is directed into the substrate, ω is the frequency of the SEW, χ is the SEW attenuation parameter.

The main characteristic of the SEW that determines its ability to modulate the heating and oxidation of the film is
value W proportional to its energy concentration:

W =
1

2
ε0n

2|E⃗s|2. (5)

To determine W , we substitute (4) into the wave equation ∇2E⃗s−
n2

c2
∂2E⃗s

∂t2
= 0 which gives us the attenuation parameter

of the SEW:

χ = ks

√
2B cos(ksx)

1 +B cos(ksx)
. (6)

As a special case for B = 0 (plane wave), we obtain the value χ = 0 which, as expected, corresponds to a plane wave not
modulated by film inhomogeneity, with W = 0.

The dependence of the relative energy concentration W ′ = W/(
1

2
ε0n

2|E⃗s0|2) on the coordinate along the wave

vector for the time intervals of t = πn/ω (n = 0, 1, 2, ...) obtained by formulas (4–6), is shown in Fig. 3. A significant
increase in the concentration is observed near the points corresponding to the maximum thickness of the oxide x = nΛ.

FIG. 3. Distribution of relative energy concentration W ′ along normalized coordinate for time values
ωt = πn
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The change in the W ′ value over time at the point of maximum oxide thickness is shown in Fig. 4(a). The relative
energy concentration oscillates in time, its change is described by the cosine square function, the oscillation period is
π/ω. Since the oscillations are fast enough to have an effect on the film, the physical meaning lies in the average value
of the relative energy concentration over time. It is equal to half of the maximum value W ′

av = πB1/2(1 +B)3/2. Thus,
in the maxima of the oxide layer, with an increase in the parameter B (from pulse to pulse), the SEW relative energy
concentration increases. Consequently, as the oxide thickness increases (when the film transmittance difference in the
LIPSS maxima and minima increases), the effect on the film at the oxide layer maximum increases, which contributes
to further oxide growth and positive opto-chemical feedback development. Full spatiotemporal dynamics of the relative
energy concentration W ′ along the coordinate and in time for different stages of the LIPSS formation process is shown in
Fig. 4(b–c).

FIG. 4. (a) Dependence of the relative energy concentration W ′ at the point of maximal oxide layer
thickness (for x/Λ equal to 0 or 1) on the time ωt for different values of the coefficient B. Dotted lines
show the average values. Full spatiotemporal dynamics of W ′ on the coordinate x/Λ and time ωt at the
early stage (B = 0.1) (b) and late stage (B = 0.5) (c) of LIPSS formation. Hatched are the areas where
SEW propagates in the air.

An important characteristic of the LIPSS recording process is the thickness of the original film h. In particular, the
maximum value of the modulation coefficient Bmax, which is achieved at complete (through) oxidation of the film at
points x = nΛ, depends on it. The value of Bmax determines the ratio G of the maximum Πmax and minimum Πmin film
transmission at points x = nΛ and x = (n+ 1/2)Λ:

G =
Πmax

Πmin
=

1 +Bmax

1−Bmax
. (7)

Hence, Bmax = (G − 1)/(G + 1). The value of the coefficient G is determined based on the optical properties of a
metal film of a certain thickness and a completely oxidized film, taking into account the Pilling–Bedworth ratio. The
thickness of the substrate layer l = 1/χ, in which the SEW is distributed, and its relative value at x = nΛ L = l/Λ, under
conditions of a completely oxidized film at x = nΛ, i.e. B = Bmax, is determined from equation (6):

L =
1

2π

√
1 +Bmax

2Bmax
. (8)
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The calculated dependencies of the main characteristics of the final stage of the LIPSS formation process on the film
thickness for titanium film on a quartz substrate [25] are shown in Fig. 5. It is evident that larger film thickness allows for
greater difference between film transmittance in oxide maxima Πmax and minima Πmin and consequently greater Bmax

value. Moreover, this increase in SEW modulation leads to stronger SEW localization at the substrate surface in case of
full film oxidation at SEW maxima.

FIG. 5. Dependencies of the ratio of the fully oxidized and fully metallic film transmittance
Πmax/Πmin, the maximum value of the modulation coefficient Bmax and the penetration depth of the
SEW into the substrate at x = nΛ relative to the period of the structure L = l/Λ for complete oxidation
of the film at x = 0 on initial thickness of the metal film h. It is assumed that the optical characteristics
of the resulting oxide correspond to rutile (values taken from [26]).

3.3. Trigonometric solution

For a more complete understanding of the regularities of the process, let us expand this analytical investigation. The
values of the coordinate x and time t that describe SEW propagation in the substrate can be determined taking into account
the relationship between the wave number and the period of the structure Λ = 2π/ks. This situation corresponds to the
real values of the χ and positive values of the right side of equation (6):

cos(2πx/Λ) · (1 + tan(2πx/Λ) tan(ωt)) > 0. (9)
Transforming the expression (9) we obtain the areas on the diagram (Fig. 6(a)) depending on the signs of the quantities
cos(2πx/Λ), tan(2πx/Λ) and 1+tan(2πx/Λ) tan(ωt), that correspond to the condition for the propagation of the SEW
in the substrate. Solid curves in the Fig. 6(a) correspond to function γ = −1/β and dashed curves correspond to function
γ = 2β/3 − 1/(3β). For each area of the graph, the black icon indicates the quadrant in which 2πx/Λ is located. For
example, the icon with the square in the upper right corner corresponds to values 2πx/Λ ∈ (0;π/2). In order to obtain the
characteristics of the SEW location in the actual coordinates (x, t), we transform the data from Fig. 6(a) to the coordinates
(2πx/Λ, γ) first, taking into account the distribution by quadrants, and then to the coordinates (2πx/Λ, ωt). The results
are presented in Fig. 6(b). The graph shows one period in time and coordinate, which can be translated up and to the right,
respectively. The lines separating the areas of SEW location in the substrate are described by the following functions:

ωt = − arctan(cot(2πx/Λ)) for cos(2πx/Λ) > 0, (10)

ωt = − arctan

(
1

3
cot(2πx/Λ)− 2

3
tan(2πx/Λ)

)
for cos(2πx/Λ) < 0, (11)

where α = 2πx/Λ. Nonlinear functions (10–11) can be given in general form as ωt = arctan[(2/3) tanα−(1/3) cotα],
or approximated by linear functions with an error less than 0.09. Main applicable dependencies including the time
durations of SEW localization in hotspots near the surface can be easily found from the relations given in the simplified
system (10–14).
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FIG. 6. (a) Areas in coordinates β = tan(2πx/Λ), γ = tan(ωt), corresponding to the SEW location in
the substrate. (b) Characteristics of the SEW location. Gray color indicates the areas of time-coordinate
values where the SEW locates in the substrate, white domains indicates values at which it goes up into
the air. Numbers in brackets in front of the curves correspond to the formulas in the text.

4. Conclusions

In this study, we theoretically and experimentally investigated the formation of LIPSS at optically thin films for the
case of the 30, 60 and 80 nm titanium films. We show that LIPSS formation on thin metal films cannot be covered by
conventional models, as the calculations predict the appearance of LSFL-I type structures with periods of about 0.998λ
(1062 nm for our conditions), while our experimental results show the consistent formation of LSFL-II type structures
with periods of about 0.658λ – 0.695λ (720± 20 nm). To address this discrepancy, we have developed a fully analytical
model that describes the electric field dynamics considering the surface electromagnetic wave induced not on the air-film,
but on the film-substrate interface. The main results of the study are as follows:

1. In case of an optically small film thickness (comparable or less to the depth of laser radiation penetration into the
film), the conditions are created for the formation of SEW at the film–substrate interface. The thickness of the
film should ensure sufficient transmission of laser radiation into the substrate, comparable in magnitude with the
radiation absorbed in the film.

2. The main cause for the formation of LIPSS in the film due to the formation of SEW at the film–substrate interface
is the uneven transmittance of the film due to its local oxidation.

3. The period of LIPSS formed in the film as a result of the formation of SEW at the film-substrate interface depends
on the refractive index of the substrate material nsub and, as follows from the experiments, is equal to λ/nsub.

4. The results of calculations based on the phenomenological model showed the existence of a positive feedback
between the local thickness of the oxide layer and the concentration of SEW energy within the areas of ±0.1x/λ
from the modulated field maxima, which makes it possible for the oxide layer to grow further despite the bleaching
the Ti film during its oxidation.

5. Full spatiotemporal dynamics of SEW propagation in substrate can be described with the system of trigonometric
solutions, which can be further linearized with the margin of error less than 0.09. The derived analytical system
is instrumental for understanding the processes underlying the method of direct LIPSS-based nanopatterning of
thin films and could help in the selection of film thicknesses for the applications in photonics.
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